The effects of intracellular magnesium ions, Mg 2 + i on large-conductance, Ca 2 + -dependent K + chan Abbreviations used: ANOVA, analysis of variance; BK chan nels, calcium-activated potassium channels; CVSMC, cerebro vascular smooth muscle cell; KG, potassium glutamate. 1066 cated closer to the inner membrane surface. In the pres ence of I f1M [Ca 2 + L 0.5 mM [Mg 2 + li shifted the Bolt zmann curve relating BK channel open probability, Pc" to membrane voltage leftward on the voltage axis, without any change in its slope. The enhancing effect of Mg 2 + ion
nels (BK channels) of adult rat cerebrovascular smooth muscle cells (CVSMCs) were studied using patch clamp techniques and cells enzymatically dispersed from basi lar, middle, and posterior cerebral arteries. Recordings used inside-out membrane patches and took place at 20-24°C. One millimeter [Mg 2 + L produced a fast block of B K channel currents, as well described by the Woodhull model of channel occlusion by a charged species. How ever, the affinity and voltage-sensitivity of Mg 2 + i block were dependent on the concentration of free intracellular calcium ions, [Ca 2 + L. Calcium ions may stabilize a chan nel conformation in which Mg 2 + i binding sites are relo-Elevation of intravascular pressure in cerebral ar teries triggers membrane depolarization, enhanced Ca2 + influx, and contraction in cerebrovascular smooth muscle cells (CYSMCs). This so-called myogenic tone is believed to play an important role in the autoregulation of cerebral blood flow (Bray den and Nelson, 1992; Asano et aI., 1993) . The de polarization and intracellular Ca2 + accumulation that occur in contracting CYSMCs in turn activate large-conductance, calcium-activated potassium channels (BK channels) in these cells (Wang and Mathers, 1993) . The resulting, outwardly directed membrane current likely provides a negative feed back control on myogenic tone in CYSMCs (Nelson et aI., 1990; Brayden and Nelson, 1992; Asano et aI., 1993) .
The myogenic tone of cerebral vessels is also strongly dependent on the plasma concentration of free magnesium ions, [Mg2+Jo (Turiapaty et aI., 1981; Altura et aI., 1987) . Increasing [Mg2+]0 above normal levels dilates cerebral arterioles, whereas decreasing the Mg2 + content of plasma increases cerebrovascular tone and may induce vasospastic responses (Altura and Altura, 1982; Altura et aI., 1987; Altura and Gupta, 1992) .
The vasodilatory effect of elevated [Mg2 +]0 stems in part from a suppression of Ca2+ entry at both voltage-dependent and receptor-operated cal cium channels in vascular smooth muscle cells (Al tura et aI., 1987; Zhang et aI., 1992a) . In addition, lowering [Mg2+]i has been shown to alter Ca2+ dy namics at intracellular sites in vascular smooth muscle, leading to a rise in intracellular free calcium concentration [Ca2+]i and muscle contraction (Al tura et aI., 198 1; Zhang et ai., 1992a,b) .
A number of studies have shown that clinically relevant values of [Mg2+]o have negligible effects on BK channel function when applied to the extra cellular face of cell membranes (Golowasch et aI., 1986; Oberhauser et aI., 1988; MacKinnon et aI., 1989; Laver 1992) . However, elevation of [Mg2+]o also raises the concentration of free magnesium ions [Mg2+t in the cytoplasm of CYSMCs (Zhang et aI., 1992b) .
[Mg2+]j is known directly to modu late the function of BK channels in a variety of cell types (Golowasch et aI., 1986; Oberhauser et aI., 1988; Ferguson, 1991) , including smooth muscle cells of the systemic vasculature (Trieschmann and Isenberg, 1989) . The dilation of cerebral arteries by elevated plasma concentrations of Mg2 + could therefore in volve direct, intracellular actions of the cation on BK channel function in CYSMCs. To test the fea sibility of this view, the effects of physiologically relevant levels of [Mg2 +]j on the function of BK channels in CYSMCs were examined using stan dard patch clamp techniques.
MATERIALS AND METHODS
Primary cell cultures were prepared from the middle, basilar, posterior communicating, and posterior cerebral arteries of adult Wi star rats (Charles River, Montreal) weighing 250-300 g. Rats were decapitated under pento barbital anesthesia (30 mg/kg), and their brains were re moved under sterile conditions. Arteries were cut in small pieces and incubated for 10 min at 37°C in 0.1% trypsin (Type 3, Sigma, St. Louis, MO, U.S.A.) in a potassium glutamate (KG) solution containing 140 mM glutamic acid monopotassium, 16 mM NaHC03, 0.5 mM NaH 2 P04, 16.5 mM dextrose and 25 mM HEPES, pH 7.4. After centrifugation, the tissue was resuspended and incubated in 3 ml of KG solution containing 0.3% collagenase (Type lA, Sigma) and 0.5% trypsin inhibitor (Sigma) at 37°C for 15 min. Dispersed cells were washed and plated onto polY-D-lysine/laminin-coated coverslips in culture dishes containing a solution of 130 mM NaCI, 5 mM KCI, 0.8 mM CaClz, 1.3 mM MgCI 2 , 5 mM glucose, 10 mM HEPES, penicillin (Sigma) 100 U/ml, and streptomycin (Sigma) 100 ILg/ml. Cultures were maintained at 4°C in a refrigerator for 48 h before use. CYSMCs were identified after recording by means of the Masson trichrome stain (Wang et aI., 1990) .
Single channel recordings were carried out at room temperature (20-24°C) using a List EPC-7 amplifier (Med ical Systems Corp., NJ, U.S.A.) operating in the inside out patch mode (Barrett et aI., 1982) . Patch electrodes (10-20 MOhm resistance) were filled with standard exter nal solution of composition 140 mM KCI, 1.48 mM CaClz, 3 mM EGTA, 10 mM HEPES, pH 7.4. The free calcium concentration in this solution was 50 nM, as calculated using the program Max Chelator, obtained from Chris Patton, Hopkins Marine Station, Stanford University, California.
The cytoplasmic face of the membrane patch was nor mally exposed to a control internal solution containing 140 mM KCl, 0.1 mM CaCI 2 , and 10 mM HEPES, pH 7.4. The free calcium concentration of this composition was 100 ILM. To examine the effects of Mg z + i in this high free-calcium condition, 0.5 , 1,2,4, or 8 mM MgCl2 was added to the control internal solution. In a second group of recordings, the cytoplasmic fa�e of the membrane patch was bathed in a control saline of composition 140 mM KCl, 2.86 mM CaCI2, 3 mM EGTA, 10 mM HEPES, pH 7.4. The free calcium concentration in this saline was calculated at \ ILM. In a third group, the control solution facing the cytoplasmic face of membrane patch contained 140 mM KCI, 0.015 mM CaCI 2 , 10 mM HEPES, pH 7.4. In this group, the free-calcium concentration was proba bly a few micromolar higher than the nominal 15 ILM, due to the presence of Ca Z + as an impurity in the experimen tal salts (McLarnon and Sawyer, 1993) . To test the effects of Mg 2 + i in the presence of I or 15 ILM free [Ca 2 +t, 0.5 or 2 mM [Mg 2 + t was added to these salines.
Single channel currents were filtered at a bandwidth of DC-2 kHz (8-pole, Bessel), digitized at 8 kHz, and ana lyzed off-line using commercial programs (Instrutech Corporation, New York, U.S.A.) and hardware (Atari, Sunnyvale, CA, U.S.A.). Frequency distributions of sin gle BK channel currents were constructed by measuring � \ ,0 00 openings in each data set. The mean amplitude of BK channel currents was obtained as the midpoint of a Gaussian curve fitted by eye to these distributions. The number of functional BK channels in each patch was es timated by depolarizing the membrane patches to + 60 mY in the presence of 100 ILM [Ca 2 +t (Wang and Mathers, \993) . Statistical tests on the data were per formed using analysis of variance (ANOY A) and the paired t test. Data were expressed as mean ± SD.
RESULTS

Effects of Mg 2 + j on single BK channel currents
The effect of Mg2+ jo n BK channel currents was initially studied in patches bathed in symmetrical 140 mM K + solutions with [Ca2+t = 100 j.1M. Fig  ure 1 shows the effects of 0.5, 1, and 4 mM [Mg2 +]j on L60, the mean BK channel current measured at a membrane potential, Y = -60 mY. In this patch, there was no significant reduction of i _ 60 in the presence of 0.5 mM [Mg2+k However, 1 mM [Mg2+]j reduced i_60 by 15%, whereas 4 mM [Mg2 +]j caused a 47% reduction in the original cur rent. There was no obvious increase in open chan nel noise during block by Mg2+ j, suggesting that the cation acted as a fast blocker of BK channel cur rents (Yellen, 1984; Ferguson, 1991) . The results of several experiments of this kind are summarized in the dose-response curve shown in out membrane patches exposed to l Ca2 +]i = 100 f-LM. Under these conditions, Mg2+i reduced both the inward and the outward currents recorded at V = -80 m V and V = + 80 m V, respectively. How ever, in the presence of [Ca2+]i = 15 f-LM ( Fig. 4) , Mg2+ i strongly reduced the amplitude of outward currents at V = + 80 m V, while having negligible effect on the inward current measured at V = -80 mY.
These observations were confirmed by examining the effects of 1 mM and 2 mM [Mg2+]i on the cur rent-voltage (I-V) relationship of BK channels ex posed to [Ca2+t = 100 f-LM (n = five patches) or [Ca2+]i = 15 f-LM (n = five patches). In the absence of Mg2+ i' the I-V relationship of BK channels in symmetrical 140 mM K + solutions was linear over the voltage range -80 to + 80 m V and showed a single channel conductance of 192 ± 30 pS (n = 9).
In the presence of [Ca2+]i = 100 f-LM ( Fig. SA) , Mg2+ i reduced both inward and outward currents in Vol. 15, No.6, 1995 BK channels, without altering the reversal poten tial, which was 0 mY. The reduction in BK channel currents increased on increasing [Mg2 +]i from 1 mM to 2 mM (p < 0.05, ANOVA). In addition, the I-V relationship of BK channels in the presence of Mg2 + i became nonlinear, because outward currents were reduced to a greater degree than were inward currents. This indicated that the blocking effect of Mg2 + i was voltage dependent.
At lCa2+]i = 15 f-LM ( Fig. 5B ), Mg2+i had a neg ligible effect on inward currents but reduced out ward currents in a strongly voltage-dependent man ner, the degree of block being significantly higher than that seen in the presence of 100 f-LM [Ca2 +]i (P < 0.01, ANOV A). Again, the reversal potential for BK channel currents was unchanged by Mg2+ i'
Application of the Woodhull model to the blocking effect of Mg 2 + i on BK channel currents
The data presented show that Mg2 + i reduced BK channel currents in a concentration-and voltage dependent manner. It was of interest to determine whether the Mg2 + i block could be accounted for by the Woodhull model, which has been used to ana lyze the, block of BK channels by charged species in several preparations (Woodhull, 1973; Blatz and Magleby, 1984; Yellen, 1984; Villaroel et aI., 1988; Wang and Mathers, 1993) . This model assumes that the rates of binding and unbinding of Mg2 + i at its active site in the channel vary as exponential func tions of membrane potential and that bound Mg2 + i eliminates K + permeation through the channel. In addition, it is assumed that other ions do not inter fere with the binding of Mg2 + i and that the time constants for channel opening are long compared to the time Mg2+ i takes to reach a steady-state con-
L(")�10 ""' 0-m -s cent ration in the channel (Woodhull, 1973; Yellen, 1984 ). The Woodhull model then yields the relation ship
where io/ib is the ratio of single channel currents in the absence (ia) and in the presence (ib) of blocker; [B] is the concentration of the blocking ion; Kd (0) is the dissociation constant of the blocking ion at 0 m V; z is the valence of the blocking ion; V is the membrane potential; 0 is the fraction of the mem brane field felt by the blocking ion at its binding site, and F, R, and T have their normal meanings (Yellen, 1984) . The value of 0 provides a measure of how steeply voltage dependent the blocking process is. This model accounted well for both the concen tration-and the voltage-dependence of Mg2 + j block. At [CaH]j = 100 fLM, the best fits to the data were obtained using Kd = 6.4 ± O.SI mM, 0 = 0.10 ± 0.04 at 1 mM [Mg2+L and Kd = 6.6 ± 0.46 mM, o = 0.08 ± 0.03 at 2 mM [Mg2+l; (Fig. SA) . These results suggest that, in the presence of high [Ca2+]j, the magnesium ion traverses only a small part of the membrane field to reach its binding sites. At IS fLM, [CaHL however, the best fit to the data was ob tained using Kd' = 10.7 ± 2.0 mM and 0 = 0.30 ± O.IS for the block by 2 mM [Mg2+]j (Fig. SB) . These values of Kd and 0 were both significantly different from the corresponding values used to fit data ob tained at 100 fLM [Ca2+]j (p < O.OS, ANOV A). Therefore, under conditions of low [Ca2 + L magne sium ions must penetrate a greater fraction of the J Cereb Blood Flow Metab, Vol. 15, No.6. 1995 membrane field to reach their blocking site in the BK channel.
Mg 2 + i enhances BK channel activation in a concentration-dependent manner In addition to its blocking effect on BK channel currents, Mg2+ j was found also to increase the open probability, Po of these channels. Figure 6 shows representative BK channel currents recorded in a patch exposed to 0 (control), O.S, and 2 mM [Mg2+]j at V = -60 mV and [Ca2+]j = 1 fLM. On exposure to O.S mM [Mg2+]j, Po increased from 0.0039 to 0.0067 (a 1.7-fold change). Exposure to 2 mM [Mg2 +]j caused Po to further increase to 0.017 (a 4.4-fold increase over the original Po). These results show that Mg2 + j enhanced the Po of BK channels in a concentration-dependent manner. No changes in the mean amplitude of BK channel currents was seen during these recordings . Po returned to control values on washout of Mg2+ j (Fig. 6) .
The effect of [Ca2+]j on Mg2+j enhancement of Po was studied in patches voltage-clamped to -60 mV and exposed to 1 or 100 fLM [Ca2+]j. As shown in Table 1 (n = 6, p < 0. 01, ANOV A). However, as indicated in Table 2 , concentrations of Mg2+ i ranging from 0.5 to 8 mM did not alter P o in patches exposed to 100 fLM [Ca2 + 1, even though P o was substantially less than unity under control conditions (p > 0.05, ANOVA). Open probability, Po 
BK channels
To quantify the effects of Mg2 + i on the activation of BK channels by membrane voltage, the depen dence of P o on membrane potential was studied in the absence and presence of Mg2 + i' These experi ments were carried out using [Ca2+]i = 15 fLM. In both the absence and presence of Mg2 + i' the rela tionship between P o and V was well described by the Boltzmann equation where K is a slope factor, describing the steepness of the voltage dependence and V 0 is the potential at which P o = 0. 5. As shown in Fig. 7 , 2 mM [Mg2+]; increased P o by shifting the activation curve of BK channels leftward by 29 m V along the voltage axis, without any change in the value of K.
DISCUSSION
Magnesium ions have previously been reported to block various types of ion channels. Channel block by Mg2+ may involve interaction with low affinity sites (Kd � 1 mM), as in the case of sodium channels (Albitz et al., 1990) , calcium channels (Wu and Lipsius, 1990 ) and ATP-sensitive potassium channels (Horie et al., 1987) . Alternatively, Mg2+ block may involve high-affinity sites (Kd � 1 fLM), as at inwardly rectifying K + channels (Matsuda, 1988) and N-methyl-D-aspartate (NMDA) receptor channels (Johnson and Ascher, 1990) . The data in this study show that Mg2+ i block of BK channels in CVSMCs involved low-affinity sites, because milli molar levels of Mg2 + i were required to produce a 50% reduction in BK channel current amplitUde. Similar results have been obtained from BK chan nels in pancreatic islet cells (Tabcharani and Misler, 1989) , rat skeletal muscle (Ferguson and Magleby, 1989; Ferguson, 1991) and in algal cells (Laver, 1992) . Mg2+ j block of BK channel currents intensified at positive membrane potentials, as reported in other preparations (Tabcharani and Misler, 1989; Fergu son, 1991) . The Woodhull model (Woodhull, 1973) was found to account for the concentration-and voltage-dependent Mg2 + j block of BK channel cur rents. As expected from the model, similar Kd and 0 values were obtained for the block by both 1 mM and 2 mM Mg2+j. However, when [Ca2+]j was de creased to 15 fLM, the block caused by 2 mM [Mg2+]j was three times more strongly voltage de pendent than was seen at [Ca2+]j = 100 fLM. This behavior is not predicted by simple application of the Woodhull model.
A possible explanation for this discrepancy is that increasing [Ca2+]j stabilizes a new conformation of the BK channel protein, in which the favored Mg2+ j binding sites are relocated closer to the inner mem brane face, reducing the voltage dependency of channel block. Evidence that high internal calcium concentrations do indeed alter the conformation of BK channels has been obtained from study of BK channel kinetics. It has been shown that high levels of [Ca2+]j stabilize the channel in the open state and favor the occurrence of long-duration channel open ings (Barrett et aI., 1982; Methfessel and Boheim, J Cereb Blood Flow Metab, Vol. 15, No.6, 1995 1982; Magleby and Pallotta, 1983; Moczydlowski and Latorre, 1983; Wang and Mathers, 1993) .
The presence of multiple binding sites for Mg2 + in the BK channel pore has previously been dem onstrated in algal cells (Laver, 1992) . However, our data do not exclude possible involvement of Mg2+ j in other mechanisms of channel block, such as sur face charge screening (MacKinnon et aI., 1989; Fer guson, 1991) , competitive interaction between Mg2+j and K+ (Ferguson, 1991) , and the allosteric stabilization of closed channel states by Mg2 + j (Demo and Yellen, 1992) .
Mg2 + j has been shown to increase the open prob ability, Po of BK channels in a variety of prepara tions (Golowasch et aI., 1986; Oberhauser et aI., 1988; Trieschmann and Isenberg, 1989; McLarnon and Sawyer, 1993) . In this study, as in previous reports (Squire and Petersen, 1987; Zamoyski et aI., 1989; Trieschmann and Isenberg, 1989) , Mg2+j pro duced a parallel, leftward shift of the Boltzmann curve describing BK channel activation. Therefore, the effect of Mg2 + j on BK channel activation was not itself a voltage-dependent process, in contrast to the blocking effect of the divalent cation on single channel current, described previously. This sug gests that the sites that Mg2 + j must occupy to in crease Po are distinct from those that are involved in blocking current flow through the open BK chan nel. A similar conclusion has been reached in the case of BK channels of the alga Chara australis (Laver, 1992) .
Measurements obtained from mammalian CYSMCs have shown that [Mg2+1 is normally �0.5 mM (Altura et aI., 1993) . Relaxed vascular smooth muscle cells typically exhibit [Ca2 +]j levels in the range of 40-120 nM (N abika et aI., 1985 ; Wang et aI., 1990) , increasing to 1-10 fLM during contraction (Kuriyama et aI., 1982) . The mean resting mem brane potential of mammalian CYSMCs ranges from -40 mY to -60 mY at rest (Hirst et aI., 1986; Wang and Mathers, 1993) , depolarizing to � + 10 mY during the action potential (Fujiwara et aI., 1982; Hirst et aI., 1986) .
Our study showed that, when measured over the physiologically relevant potential range ( -60 mY to + 10 mY), the reduction of BK channel currents by Mg2 + j was small. This suggests that the blocking action of Mg2 + i on BK channel currents is of rela tively minor importance in the regulation of channel function.
BK channels and voltage-dependent Ca2+ chan nels are located in close proximity to each other in some neuronal preparations (Robitaille et aI., 1993) . If this is also the case in the CYSMC membrane, [Ca2 + 1 may approach 100 fLM in the vicinity of the BK channel calcium sensor. Under these condi tions, our results suggest that intracellular Mg2 + would exert little regulatory effect on BK channel function.
However, 0. 5 mM [Mg2+1 appreciably increased the open probability of BK channels, when studied using [Ca2-'-]i = I /-LM and membrane potentials within the physiological range. Under conditions in which lCa2+]i does not exceed a few micromolar, it seems likely that intracellular Mg2 + serves to toni cally facilitate BK channel activation in CVSMCs.
Variations in [Mg2 +]i associated with fluctuations in [Mg2+L could exert small but potentially signif icant effects on the Po of BK channels in CVSMCs, which must be closely regulated if excessive or in sufficient repolarizing K + currents are to be pre vented. For example, marked hypomagnesemia would be expected to increase [Ca2+ 1 (Altura et aI., 1981) , which normally favors the opening of BK channels. However, the decreased [Mg2+]i that also attends hypomagnesemia would depress the Ca2 + sensitivity of BK channels, reducing their effective ness in membrane hyperpolarization, and predis posing CVSMCs toward contraction. The facilita tory effect of [Mg2+]i on BK channel activation may therefore contribute to the abnormal constric tion seen in cerebral arteries during hypo magnesemia (Altura and Altura, 1982; Altura and Gupta, 1992) .
